We attempted to control the nuclear remodelling of somatic cell nuclear transfer embryos (NTs) and examined their subsequent development and DNA methylation patterns in pigs. Porcine foetal fibroblasts were fused to enucleated oocytes treated with either 5 mM caffeine for 2.5 h or 0.5 mM vanadate for 0.5 h. After activation, NTs were cultured in vitro for 6 days to examine their development. The nuclear remodelling type of the reconstituted embryos was evaluated 1 h after fusion. Methylated DNA of in vitro-fertilised (IVF) embryos and NTs at various developmental stages and of donor cells was detected using a 5-methylcytosine (5-MeC) antibody. Caffeine-treated NTs induced premature chromosome condensation at a high rate (P!0.05), whereas most vanadate-treated NTs formed a pronucleus-like structure. Although cleavage rates to the two-cell stage did not differ among groups, delayed cleavage was observed in the vanadate-treated group. The blastocyst formation rate was significantly reduced by vanadate treatment compared with caffeine-treated and non-treated (control) NT groups (P!0.05). The apoptotic cell index of NT blastocysts was lower in the caffeine-treated group than in other groups (P!0.05). The methylation patterns were similar among NTs, but more hypermethylated DNA was observed at the four-cell stage of control and vanadate-treated NTs when compared with that in IVF embryos (P!0.05). Thus, the nuclear remodelling type controlled by caffeine or vanadate treatment can affect in vitro development and the methylation status of NTs in relation to nuclear reprogramming. Reproduction (2008) 135 649-656 
Introduction
In nuclear transfer studies, the maturation promoting factor (MPF) in recipient oocytes is a critical factor regulating the nuclear remodelling of the transferred nucleus (Collas & Robl 1991 , Cheong et al. 1993 . When a donor nucleus at the G0/G1 stage is transferred into a non-activated metaphase II (MII) oocyte, the high level of MPF activity causes nuclear envelope breakdown (NEBD) and a subsequent premature chromosome condensation (PCC) of the transferred nucleus (Collas & Robl 1991 , Tani et al. 2001 . In contrast, a donor nucleus transferred into an activated recipient cytoplasm does not undergo NEBD and PCC, but forms a pronucleus-like structure (PN) because of the lower MPF activity (Szollosi et al. 1998 , Tani et al. 2001 .
A high MPF activity in mitotic cells induces NEBD via p34 cdc2 kinase-related phosphorylation of lamin, which is a nuclear membrane protein (Peter et al. 1990) . MPF is a serine/threonine protein kinase composed of p34 cdc2 kinase and cyclin B (Hashimoto & Kishimoto 1988) ; its activity can be controlled by the regulation of the phosphorylation state of p34 cdc2 at tyrosine-15 (Y15) and threonine-14 (T14) residues (Norbury & Nurse 1992 , Kikuchi et al. 2000 . Caffeine suppresses phosphorylation at T14 and Y15 of the p34 cdc2 kinase-cyclin B complex via the inhibition of Myt1/Wee1 activity, which causes an increase in MPF activity (Kikuchi et al. 2000) . In contrast, vanadate suppresses cdc25 phosphatase activity, which induces phosphorylation at T14 and Y15 of the p34 cdc2 kinase-cyclin B complex, resulting in a reduction in the MPF activity (Kikuchi et al. 2000) .
The nuclear remodelling of a transferred nucleus might play an important role in the subsequent development of NTs (Collas & Robl 1991 , Cheong et al. 1993 , Kim et al. 2002 . It is thought that NEBD is a critical step in the reprogramming of differentiated nuclei by allowing the direct interaction of chromosomes with cytoplasmic factors in non-activated oocytes (Wakayama et al. 1998 , Tani et al. 2001 , Kim et al. 2002 . Nevertheless, when a donor nucleus is transferred into a non-activated recipient cytoplasm, some of the introduced nuclei form PNs without undergoing NEBD because of simultaneous activation by fusion pulse (Cheong et al. 2002) ; these develop to the blastocyst stage and to term (Campbell et al. 1996 , Kurosaka et al. 2002 , Bordignon et al. 2003 . Thus, even though the direct exposure of chromosomes to the cytoplasm is thought to be important for the reprogramming of chromatin to support embryo development, a direct comparison of development in NTs that have PCC or PN has not been made in pigs.
Hence, we attempted to control nuclear remodelling by treating porcine recipient oocytes with caffeine or vanadate and examined the subsequent in vitro development, apoptosis, and DNA methylation patterns of somatic cell NTs.
Results

Effects of caffeine and vanadate on cdc2 kinase activity
The effects of caffeine and vanadate on cdc2 kinase activity in enucleated porcine oocytes differed. Caffeine treatment resulted in a high cdc2 kinase activity (Fig. 1) . In contrast, vanadate treatment resulted in a significantly lower cdc2 kinase activity than that in the caffeinetreated and control groups (P!0.05; Fig. 1 ).
Effects of caffeine and vanadate on the development of parthenotes
Caffeine and vanadate did not affect the development of porcine parthenotes. There were no significant differences in the rates of cleavage (84.9-86.6%), fragmentation (15.1-21.0%), blastocyst formation (26.6-33.8%) or the number of cells in blastocysts among the control, vanadate-treated and caffeinetreated groups (Table 1) .
Effects of caffeine and vanadate on the remodelling pattern of NTs
The remodelling pattern of the donor nuclei transferred into the recipient oocytes treated with caffeine or vanadate differed. Caffeine treatment resulted in a higher occurrence of PCC (81.3%, P!0.05), whereas vanadate treatment induced the formation of a PN at a higher frequency (89.0%, P!0.05; Table 2 ).
Effects of caffeine and vanadate on the development of NTs
The cleavage rate (71.1-83.3%) and the number of cells in blastocysts (23.0G3.3-28.6G2.6) did not differ among caffeine-treated, vanadate-treated and control groups ( Table 3 ). The rates of fragmentation and development to the blastocyst stage of NTs derived from caffeine-treated recipients were not different from those of control embryos (15.3% vs 13.1% and 31.3% vs 28.3% respectively), whereas the fragmentation rate of NTs increased significantly (to 27.5%; P!0.05) and the blastocyst formation rate declined significantly (to 16.5%) when the recipient oocytes were treated with vanadate (Table 3) .
The number of apoptotic cells in blastocysts from NTs treated with caffeine was significantly lower (P!0.05) than those of the control and the vanadate-treated groups, whereas there was no difference in the number of apoptotic cells between the control and the vanadatetreated groups (Fig. 2) .
Effects of caffeine and vanadate on the cleavage timing of NTs
The treatment of recipient oocytes with vanadate resulted in a significantly lower percentage of cleaved embryos at 20 h (27.9%, P!0.05) than in the control (55.2%) and caffeine-treated groups (48.6%). However, caffeine or vanadate treatment had no effect on the formation rate of total cleaved embryos at 48 h (66.7-78.5%; Fig. 3 ).
Effects of caffeine and vanadate on the methylation status of porcine NTs
There was no difference in the methylation status at the one-cell stage among the in vitro fertilisation (IVF) and NT embryo groups (53.0-67.2%), and their methylation status (56.0%) was similar to that of donor cells (Figs 4 and 5) . The methylation level of IVF embryos decreased dramatically from the one-to four-cell stage (58.0-21.1%), and the decline continued through the morula (25.3%) and the blastocyst stages (14.9%; Fig. 5 ). The demethylation pattern was similar among NT groups at various developmental stages. However, hypermethylated DNA was observed at the four-cell stage in the control and vanadate-treated NT groups when compared Figure 1 Effects of caffeine and vanadate on the activity of p34 cdc2 kinase in enucleated porcine oocytes. All MII oocytes were enucleated 42 h after maturational culture and the p34 cdc2 kinase activity in control, caffeine-treated and vanadate-treated groups was analysed at the same time after enucleation (nZ20!3 trials for each group). The activity level in enucleated oocytes was defined as 100%. Data are expressed as relative p34 cdc2 activity. Error bars indicateGS.E.M.
a-c
Different letters indicate significant differences (P!0.05).
with the IVF group (38.5 and 34.8% vs 21.1%; P!0.05; Fig. 5 ). The methylation status of morulae and blastocysts was comparable among groups.
Discussion
To determine which nuclear remodelling type (either PCC or PN) is more appropriate for the reprogramming of a transferred nucleus at the G0/G1 stage, we examined the development and quality of NTs in which different remodelling types were induced using caffeine or vanadate. When a donor nucleus was transferred into a recipient oocyte treated with caffeine, most of them underwent NEBD and subsequently induced PCC, which might have been caused by the increased activity of p34 cdc2 kinase. The amount of MPF activity that is needed to cause NEBD of the transferred nucleus is unclear, but our results indicate that increasing the MPF activity in porcine oocytes by treatment with 5 mM caffeine for more than 2.5 h can induce NEBD and PCC (Ito et al. 2005 , Lee & Campbell 2006 . In contrast, when a donor nucleus was exposed to a recipient cytoplasm treated with vanadate, NEBD did not occur and the transferred nucleus formed a PN. When MII oocytes were treated with 0.5 mM vanadate for 0.5 h, morphological changes such as the resumption of meiosis or the formation of a PN were not observed for at least 3 h after treatment (data not shown). Furthermore, the development of vanadate-treated parthenotes was similar to that of the caffeine-treated and control groups. Thus, vanadate did not induce oocyte activation and had no deleterious effect on embryo development. These results indicate that the remodelling type of a transferred nucleus can be controlled without any deleterious effects using caffeine and vanadate to regulate p34 cdc2 kinase activity in the recipient cytoplasm.
In the case of porcine NTs, the developmental rate during the preimplantation stage or the total number of cells in the blastocyst stage increases when a donor nucleus is injected into a caffeine-treated recipient (Kawahara et al. 2005 , Lee & Campbell 2006 . The higher total number of cells or developmental capability is thought to occur in PCC because of increased MPF activity in the recipient cytoplasm, rather than the caffeine treatment itself. Tani et al. (2003) suggested that MPF activity itself does not directly regulate the nuclear reprogramming of somatic cell nuclei, but the exposure of donor chromosomes to an oocyte cytoplasm is important for the occurrence of essential events for the donor nuclei at the G0/G1 stage to be reprogrammed. Thus, the use of recipient cytoplasts with a high MPF activity to induce the PCC of a donor nucleus at the G0/G1 stage seems to be an effective way to ensure the appropriate reprogramming of a differentiated donor nucleus. However, a contrasting suggestion was recently made in cattle, in which a donor nucleus that was exposed to a recipient cytoplasm that had high MPF activity by simultaneous activation for a very short time directly developed a PN and supported a high blastocyst development of NTs (Sung et al. 2007) . The reason for these differences is unclear, but might be due to differences in the ability of bovine and porcine oocytes to remodel or reprogramme the transferred nucleus (Yin et al. 2003 , Kawahara et al. 2005 , Sung et al. 2007 .
Although the total cleavage rate of the vanadatetreated group was similar to those of the control and caffeine-treated groups, the duration of interphase in the first cell cycle was prolonged (Fig. 2) , which might have eventually led to an inopportune cleavage. Furthermore, low developmental frequency was observed in the vanadate-treated group. It is possible that this delayed first cleavage is caused by a checkpoint mechanism that results from the incomplete reprogramming of donor materials. If one of the mitotic events that is monitored by a checkpoint (Rudner & Murray 1996) does not completely or exactly occur, the cell division is arrested until the process is executed successfully, which might eventually lead to apoptosis or programmed cell death (Hengartner 2000) . Another possibility is that a much longer time is required to reprogramme the nucleus that is formed in a PN without NEBD when compared with that required for a nucleus that underwent PCC in porcine NTs, which might affect further development or epigenetic modification in the preimplantation stage.
The early developmental ability, number of cells and apoptotic cell index in the blastocyst, and DNA methylation status might serve as indicators of the occurrence of appropriate epigenetic reprogramming in somatic cell NTs. DNA demethylation in embryos relative to their developmental stage is very important to ensure normal embryonic development, hence aberrant methylation status or demethylation patterns of embryos during the preimplantation stages can lead to a developmental failure (Shi & Haaf 2002 , Beaujean et al. 2004 . It is possible that embryos that developed to the blastocyst stage received sufficient epigenetic modification for early development. This possibility is explained by a previous research in which abnormal methylation at the two-cell stage in the mouse is correlated with embryo loss during the preimplantation period (Shi & Haaf 2002) . Our results show similarity in the demethylation patterns of morulae and blastocysts in NT and IVF embryos, regardless of differences in their developmental frequency. The methylation pattern of cloned porcine embryos (Kang et al. 2001b) , as an epigenetic reprogramming marker, might differ from that of other species such as those previously reported in mouse (Dean et al. 2001) , sheep (Beaujean et al. 2004) and cattle (Kang et al. 2001a) . Even though the rate of embryos showing PCC was higher than that of the control, preimplantation development and the total Different letters indicate significant differences within columns (P!0.05). Different letters indicate significant differences (P!0.05). number of cells in blastocysts were not increased by caffeine treatment. However, the apoptotic cell index in blastocysts from the caffeine-treated group was lower than those in the control and vanadate-treated groups, and only the caffeine-treated group had a DNA methylation pattern at the four-cell stage that was similar to that of IVF. At this stage, genomic activation and genome-wide transcription occur in porcine embryos, but we cannot assert that transcription in a donor genome that efficiently receives global demethylation occurs at genomic loci related to further embryonic development or apoptosis, because the relationship between the global demethylation level and the expression of specific sequences cannot be determined using the immunostaining method used here. Interestingly, a high level of prothymosin a, which is related to the protection from apoptotic damage (Evstafieva et al. 2003) , is observed at this stage through transcriptional profiling (Whitworth et al. 2005 ). These observations can explain the low apoptotic cell index in the caffeinetreated group. Caffeine can protect cells from apoptotic damage by the induction of normal methylation in early embryos, which might be related to the occurrence of PCC.
In conclusion, we demonstrated that the morphological remodelling type of NTs reconstructed using donor cells at the G0/G1 stage can be controlled by treatment with the MPF regulators, caffeine and vanadate. Furthermore, PCC appeared to be a more suitable nuclear remodelling type to reprogramme transferred nuclei at the G0/G1 stage because NTs that had a nucleus that underwent PCC were characterised by efficient demethylation and low apoptosis. In contrast, NTs that had a PN without PCC were characterised by a prolonged interphase in the first cell cycle and a low developmental capability.
Materials and Methods
In vitro maturation of oocytes
Porcine ovaries were collected from a slaughterhouse. Cumulus-oocyte complexes (COCs) were collected from antral follicles 3-6 mm in diameter and washed in Tyrode's lactate-HEPES containing 0.1% (w/v) polyvinyl alcohol (PVA; Sigma). For maturation culture, w50-100 COCs were cultured in a 500 ml drop of NCSU-23 medium (Petters & Wells 1993) supplemented with 0.6 mM cysteine (Sigma), 10 IU/ml pregnant mare's serum gonadotrophin (PMSG; Intervet International BV, Boxmeer, Holland), 10 IU/ml human chorionic gonadotrophin (hCG; Intervet International BV), 10 ng/ml epidermal growth factor (EGF; Sigma), 10% (v/v) porcine follicular fluid and 50 mg/ml gentamicin (Sigma), covered with paraffin oil and incubated at 39 8C in a humidified atmosphere of 5% CO 2 in air for 22 h. COCs were then cultured in the same medium without hormones for 20 h. After maturation, the cumulus cells were removed by vortexing the COCs in PBS (Gibco-BRL) containing 0.1% PVA and 0.1% hyaluronidase (Sigma).
In vitro fertilisation (IVF)
Oocytes were washed thrice in modified Tris-buffered medium containing 113 mM NaCl, 3 mM KCl, 7.5 mM CaCl 2 . 2H 2 O, 20 mM Tris, 5 mM sodium pyruvate (Sigma), 11 mM glucose, 2 mM caffeine (Sigma) and 2 mg/ml BSA (IVF medium). Ten to fifteen oocytes were transferred into a 45 ml droplet of IVF medium overlaid with paraffin oil. Fresh semen collected from boars at an artificial insemination centre was centrifuged twice at 1900 g for 4 min. The spermatozoa were resuspended in IVF medium at a sperm concentration of 1!10 6 cells/ml. Finally, 5 ml of the sperm suspension was added to each droplet and cultured at 39 8C in a humidified atmosphere of 5% CO 2 in air for 6 h.
Enucleation of oocytes and treatment with caffeine and vanadate
The enucleation of oocytes was carried out in HEPES-buffered TCM-199 (Gibco-BRL) supplemented with 3 mg/ml BSA and 5 mg/ml cytochalasin B (CB; Sigma). Enucleation was confirmed by staining the oocytes with 1 mg/ml Hoechst 33342 (Sigma) at 39 8C for 15-20 min. Enucleated oocytes were treated with caffeine or vanadate to increase or decrease, the MPF activity before the injection of a donor cell, by culturing them in TCM-199 containing 3 mg/ml BSA and 5 mM caffeine (Sigma) or 0.5 mM vanadate (Sigma) for 2.5 or 0.5 h respectively (Kikuchi et al. 2000) . Twenty enucleated oocytes of each treatment, i.e. caffeine, vanadate and untreated control, were assessed for MPF kinase activity (three replicates per treatment). Mature oocytes were also treated with the same chemicals before parthenogenetic activation and in vitro culture to evaluate the effects of these chemicals on embryo development.
MPF kinase assay
The MPF kinase assay was conducted by measuring the activity of its catalytic subunit, cdc2 kinase, using a MESACUP cdc2 kinase assay kit (MBL, Nagoya, Japan), as described by Anas et al. (2000) . Briefly, enucleated oocytes were washed twice with the cdc2 kinase sample buffer and then stored frozen at K80 8C. At the time of the assay, oocytes were lysed by successive freezing and thawing in liquid nitrogen and water respectively. Oocyte extracts were mixed with kinase assay buffer and incubated at 30 8C for 30 min. The phosphorylation reaction was terminated using a stop reagent, and the solution was centrifuged at 13000 g for 15 s. For the detection of cdc2 kinase using ELISA, each of the reaction mixture was transferred into a microwell strip coated with MAB recognising the phosphorylated form of the biotinylated MV peptide (SerLue-Tyr-Ser-Ser-Ser-Pro-Gly-Gly-Ala-Tyr-Cys). The microwells were incubated at 25 8C for 60 min and then washed five times with a washing solution. Horseradish peroxidase (POD)-conjugated streptavidin solution was added to each well and incubated at 25 8C for 30 min. After washing, the POD substrate solution was added and incubated for an additional 5 min. Finally, a stop solution was added to each well, and the optical density was read at 492 nm using a microplate reader.
Nuclear transfer, electrofusion and activation
Nuclear transfer was carried out in HEPES-buffered TCM-199 (Gibco-BRL) supplemented with 3 mg/ml BSA and 5 mg/ml CB. Donor cells were obtained from a day 50 crossbred female porcine foetus. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL) supplemented with 10% foetal bovine serum (FBS; Gibco-BRL) and 50 mg/ml gentamicin for 2-3 days. Before NT, cells were further cultured in DMEM supplemented with 0.5% FBS for 5 days to synchronise the cell cycle at the G0/G1 phase. The cell cycle stage was determined by flow cytometry, which showed that 95.4G3.2%
(meanGS.D.) of the foetal fibroblast cells were in G0/G1 (Supplementary Data, which can be viewed online at www. reproduction-online.org/supplemental/). A single cell with a smooth surface was transferred into the perivitelline space of an enucleated oocyte. For the caffeine-or vanadate-treated enucleated oocytes, donor cells were transferred within 0.5 h after the release from these chemicals. Reconstituted oocytes were fused immediately after the injection of donor cells for the caffeine-or vanadate-treated groups and after 1 h of culture for the untreated control group. Reconstituted oocytes were placed between 0.2 mm diameter wire electrodes (1 mm apart) in a fusion chamber overlaid with 0.3 M mannitol (Sigma) solution containing 0.1 mM MgSO 4 (Sigma), 0.5 mM CaCl 2 (Sigma) and 3 mg/ml BSA. For fusion, a single DC pulse of 150 V/mm was applied for 30 ms using a BTX Electro Cell Manipulator 200 (BTX, San Diego, CA, USA). After fusion treatment, the reconstituted oocytes were held in TCM-199 supplemented with 3 mg/ml BSA for 1 h and checked for fusion. The fused embryos were further activated 1 h after the fusion treatment by exposure to two DC pulses of 100 V/mm for 50 ms, followed by treatment with 2 mM of 6-dimethlyaminopurine (6-DMAP; Sigma) for 4 h before in vitro culture. Parthenogenetic embryos (parthenotes) were produced by exposing oocytes to the same electrical pulses and chemicals as those used for the reconstituted oocytes.
Evaluation of nuclear remodelling type
One hour after fusion, the reconstituted embryos were fixed in a mixture of acetic acid and ethanol (3:1) for w48 h and stained with 1% aceto-orcein. The transferred nucleus showing a condensed chromatin clump or chromosome plate was determined to be PCC and that showing a PN was determined to be non-PCC (NPCC; Cheong et al. 1994) .
In vitro culture of embryos IVF, NT and parthenogenetic embryos were cultured in 50 ml droplets of PZM-3 (Yoshioka et al. 2002) supplemented with 3 mg/ml BSA and overlaid with paraffin oil under an atmosphere of 5% CO 2 in humidified air at 39 8C for 6 days. At 20 and 48 h of culture, the embryos were examined for cleavage. At Day 6 of culture, the embryos were examined for development to the blastocyst stage. After 6 days of in vitro culture, the number of apoptotic cells in blastocysts was checked. At 18 h and 2, 3, 5 and 6 days of culture, one-, twoand four-cell embryos, morulae and blastocysts were fixed for the detection of methylated DNA respectively.
Examination of apoptotic cells in blastocysts
A TUNEL assay was used to examine the number of apoptotic cells in blastocysts from NTs. Blastocysts were fixed in PBS containing 3.7% (w/v) paraformaldehyde for 1 h and permeabilised in 0.5% Triton X-100 solution at room temperature for 30 min. The fixed blastocysts were incubated in the TUNEL reaction medium (in situ cell death detection kit, TMR red; Roche) in darkness at 39 8C for 1 h. The broken DNA ends of the blastomere were labelled with TdT and fluorescein-dUTP.
For counterstaining of DNA, the blastocysts were incubated in 1 mg/ml Hoechst 33342 at 39 8C for 30 min and then mounted on glass slides in Vecta-Shield anti-fade (Vector Laboratories, Burlingame, CA, USA) under a cover slip. The number of apoptotic nuclei and the total number of nuclei were determined using a fluorescence microscope.
Immunodetection of DNA methylation IVF and NT embryos at various developmental stages (one-to four-cell, morula and blastocyst) and donor cells were washed with 0.05% Tween 20 in PBS (in all cases, sample washing was performed before further processing), fixed in 4% paraformaldehyde in PBS for 15 min and permeabilised with 0.2% Triton X-100 in PBS at room temperature for 15 min. For the detection of 5-methylcytosine (5-MeC), embryos and donor cells were treated with 2 M HCl at room temperature for 30 min and subsequently neutralised for 10 min with 100 mM Tris/HCl buffer (pH 8.5). Embryos and donor cells were then blocked overnight at 4 8C using PBS containing 1% BSA and 0.05% Tween 20. For the immunostaining of methylated DNA, embryos and donor cells were sequentially incubated with a 20 mg/ml mouse MAB against 5-MeC (Calbiochem, San Diego, CA, USA) and a Alaxa-488 goat anti-mouse IgG (1:200 dilution; Molecular Probes, Eugene, OR, USA) at 39 8C for 1 h and 40 min respectively. DNA was stained with 3 mg/ml 4,6-diamidino-2-phenylindole (Sigma) for 20 min. The embryos and donor cells were mounted on glass slides in Vecta-Shield anti-fade (Vector Laboratories). Z-stack images were obtained by sequential scanning of the sample at 1-mm intervals using the LSM 510 Meta NLO microscope (Zeiss, Jena, Germany) and merged with the Zeiss LSM image browser (ver. 3.2.0.70). The same pinhole, gain and offset were used for each experiment. Each nucleus in each embryo was outlined manually, and the fluorescence intensity emitted by each nucleus was measured using ImageJ 1.37v (National Institutes of Health, Bethesda, MD, USA) and averaged per embryo.
Statistical analysis
At least three replicates were performed for each treatment. The percentages of embryo fragmentation and development, number of cells and methylation data were analysed using Duncan's multiple range tests, using the general linear model procedure in SAS (SAS Institute, Inc., Cary, NC, USA). The remodelling type of NTs and number of apoptotic cells in blastocysts were analysed by c 2 -test.
